Abstract. Mucin 1 (MUC1) is a tumor-associated antigen that is overexpressed in several adenocarcinomas. However, clinical trials with MUC1 showed that MUC1 is a relatively poor immunogen in humans. In view of the low immunogenicity of this protein vaccine, we designed a method based on an immunoadjuvant and immunization strategy to enhance the cellular immune response to this protein vaccine. DDA/MPL has been evaluated as an adjuvant to induce strong immunity for the tuberculosis vaccine. However, its adjuvant role combined with the vaccine targeting MUC1 in malignant carcinomas has not previously been reported. Our previous study showed that adenovirus prime protein boost vaccination could significantly enhance the cellular immunity and antitumor efficacy. In our study, we used MUC1 VNTRs as the target of cancer vaccine and DDA/MPL as the adjuvant to enhancing the cellular immunity of recombinant MUC1 protein vaccine, and an AD-9M adenoviral vector prime-recombinant protein and DDA/MPL boost (designated MUC-1 VPP vaccine) strategy was studied to enhance the antitumor efficacy. The results demonstrated that antigen-specific IFN-γ-secreting T cells were increased by 2-fold, and cytotoxic T lymphocytes (CTLs) were induced effectively when the protein vaccine was combined with the DDA/MPL adjuvant. Moreover, the vaccination induced nearly 60% inhibition of the growth of B16 melanoma in mice and prolonged the survival of tumor-bearing mice. The inhibition was correlated with the specific immune responses induced by the MUC1 VPP vaccine. The data suggested that DDA/ MPL-adjuvant MUC-1 VPP vaccine may be developed into effective tumor vaccines for melanomas and possibly for other tumors expressing MUC1 protein.
Introduction
Mucin 1 (MUC1) is a classic target for cancer immunotherapy and is under research in many forms in both preclinical and clinical trials (1, 2) . MUC1 is a transmembrane glycoprotein normally expressed on the apical surface of ductal epithelia. A variable number of tandem repeats (VNTRs) of a 20 amino acid sequence was contained in its extracellular domain. On the apical surface of the normal ductal epithelia, VNTRs are heavily glycosylated at threonine and serine residues, up to 70% carbohydrate by weight, while malignant cells contain underglycosylated VNTR domains, and are overexpressed in 90% of all adenocarcinomas including breast, lung, pancreas, prostate, stomach, colon and ovary (3) . Due to such altered glycosylation, new epitopes appear on the cell surface that are absent in normal tissues. These VNTR-derived epitopes are attractive targets in immunotherapy. Peptide epitopes, containing the PDTR fragment from VNTR of MUC1 have been found to be immunodominant in T-cell and B-cell responses (4) . A novel Bacillus Calmette-Guérin-based breast cancer vaccine that coexpresses multiple tandem repeats of MUC1 and CD80 was reported to break the immune tolerance and inhibits MUC1-positive breast cancer growth (5). Mukherjee et al showed that a novel MUC1-based vaccine in combination with a cyclooxygenase-2 inhibitor (celecoxib), and low-dose chemotherapy (gemcitabine) was effective in preventing the progression of preneoplastic intraepithelial lesions to invasive pancreatic ductal adenocarcinomas (6) .
Research on protein-based vaccines against cancer has been carried out for many years. However, it is broadly criticized due to the fact that protein vaccines generally induce relatively stronger levels of humoral immunity than cellular immunity, while the latter is considered essential for tumor immunotherapy. Therefore, effective immunoadjuvant and vaccine strategies are required for successful induction of cellular immune responses against the protein vaccine.
Currently, there are many forms of MUC1 vaccine adjuvants which have already been used in clinical trials, such as BCG, QS-21, KLH and SB-AS217. Among them, MPL (monophosphoryl lipid A) activates Toll-like receptor 4 (TLR4) and triggers the Trif-dependent pathway (7) . Moreover, DDA (dimethyldioctadecylam monium bromide) is a cationic liposome that is able to enhance antigen uptake and presentation (8) . MPL formulated with cationic DDA liposomes (DDA/MPL) which was used in the tuberculosis vaccine has been reported to enhance antigen uptake (9) , antigen presentation to T cells and stimulate DCs through Toll-like receptors (TLRs) (10) . In our previous study, DDA/MPL effectively enhanced the immunity of tumor vaccine targeting survivin (11). However, little was known about its function as the adjuvant for the cancer vaccine targeting MUC1 VNTR. In our study, we used DDA/MPL as the adjuvant for MUC1 protein vaccine. We investigated the immunity enhancement of this adjuvant, both the humoral and cellular aspects.
Our previous experiments also showed that heterologous adenoviral vector prime-recombinant protein and DDA/MPL boost immunization strategy (termed VPP immune strategy) presented better antitumor effects than the homologous adjuvant protein prime-boost immunization (12) , which is in accordance with other reports (13) (14) (15) . Thus, adenoviral vector prime-recombinant protein and DDA/MPL boost was conducted for tumor-suppressive experiments in the present study.
The purpose of our study was to evaluate whether the 9M protein vaccine induces cellular immune responses and antitumor effects through the optimization of immune adjuvant and immunization strategies. DDA/MPL was used as immunoadjuvant to enhance the immune responses. Adenoviral vector prime-DDA/MPL adjuvant protein boost immune strategy (VPP) was conducted in a murine melanoma model, and the tumor inhibitory effects and mechanisms were studied.
Materials and methods
Mice, cell lines and antibody. Female C57BL/6 mice (6-8 weeks) were purchased from Beijing Huafukang Biology Technology Co. Ltd. Mice were maintained in microisolator cages under pathogen-free conditions, and animal care conformed to the Guide for the Care and Use of Laboratory Animals (National Research Council). Murine C2C12 myoblast cells and B16 melanoma cells were preserved by the National Engineering Laboratory of AIDS Vaccine, Jilin University. MUC1 antibody was purchased from BD Biosciences (550486).
Construction, expression and purification of recombinant protein.
The cDNA fragment containing nine identical peptide tandem repeats (sequence HGVTSAPDTRPAPGSTAPPA) was synthesized by Generay Corp. and inserted into pET-26b (Novagen) using the BamHⅠ and HindⅢ (Takara) site. Expression of the recombinant MUC1 VNTR protein (9M) was confirmed by immunoblotting using a mouse mAb against MUC1 VNTR (BD Pharmingen). The recombinant His-tagged protein was purified using a HiTrap chelating HP column (Invitrogen).
Construction of recombinant adenovirus vector expressing MUC1
VNTRs. The recombinant adenovirus (rAd) vector expressing MUC1 VNTRs was obtained using the AdMax™ Adenovirus Vector Creation System (Microbix Biosystems). The 9M fragment with EcoRI/SalI sites was subcloned into the EcoRI/SalI sites of the pDC316 shuttle vector. rAd was produced by homologous recombination between pBHGloxDE1,3Cre, and pDC316-9M at the loxP or frt position when co-transfected into HEK293 cells. Plaque formation observed ~10 days post-transfection indicated successful generation of the rAd. After verification by PCR or western blot analysis, the rAd containing 9M (AD-9M) was amplified and purified from cell lysates twice in CsCl density gradients, as previously described Yu et al (15) . Viral products were desalted and stored at -80˚C in PBS containing 10% glycerol (v/v). The titer of the viral stock was determined using the Reed and Muench method and expressed as 50% tissue culture infectious doses (TCID50).
qRT-PCR. RNA was extracted by the guanidine isothiocyanate and chloroform method (Invitrogen) from the C2C12 (a cell line of mice myoblast), B16 cells and implanted B16 tumors. All RNA samples were treated with DNase I (Promega). For all samples, 1 µg of total RNA was used to synthesize first-strand cDNA with reverse transcriptase (Invitrogen) and random primers. The cDNA synthesis was performed at 37˚C for 60 min after heat inactivation at 95˚C for 10 min. PCR was performed using 1X SYBR Green PCR Master mix (Transgen) on a realtime PCR system (CFX96; Bio-Rad). MUC1 expression was confirmed by quantitative real-time reverse-transcriptase (RT) PCR (qRT-PCR) using primers 5'-GTGCCCCCTAGCAG TACCG-3' and 5'-GACGTGCCCCTACAAGTTGG-3' . Cycling conditions were: 2 min at 50˚C, 10 min at 95˚C, and 40 cycles of 15 sec at 95˚C, plus 1 min at 60˚C. Commercial software (CFX Manager) was used to calculate relative MUC1 expression normalized to the β-actin endogenous control (primers 5'-CGTGGACATCCGCAAAGACC-3' and 5'-GGACTCGT CATACTCCTGCTTGC-3') for all genes studied using the 2 -∆∆Ct method.
Immunization schedule. 9M recombinant protein (50 µg), 250 µg DDA (Arcos Organics) plus 25 µg MPL (Avanti Polar Lipids) were injected separately or as a mixture subcutaneously in C57BL/6 mice (5 mice per group) with two week intervals. The mice were vaccinated three times. Two weeks after the final immunization, all mice were sacrificed to detect humoral and cellular immune responses.
Humoral responses. Antigen-specific antibodies in mice sera were estimated by standard enzyme-linked immunosorbent assay (ELISA) when the mice were sacrificed two weeks after the final immunization. The ELISA plates were coated with 9M protein at 0.25 µg/well. Sera diluted at 1:100 and horseradish peroxidase (HRP)-conjugated secondary antibody diluted at 1:10,000 (goat anti-mouse IgG, Jackson) were used, and the enzyme reaction was developed with 3,3' ,5,5'-tetramethylbenzidine (TMB) for 10-15 min and stopped with 2 M H 2 SO 4 . Optical density (OD) was determined with a microplate reader at a wavelength of 450 nm.
IFN-γ ELISPOT assay.
Releasing of IFN-γ from antigenspecific effecter T cells was assessed with an ELISPOT kit (BD Biosciences) according to the manufacturer's instructions. The reaction was terminated upon the appearance of dark purple spots, which were quantitated using the AlphaImager System.
In vitro cytotoxicity assay. In vitro cytotoxicity was determined as previously reported (16) . Briefly, B16 cells used as target cells were pulsed at a concentration of 1x10 6 cells/ml with or without 5 µg/ml of the MHC-I H-2Db restricted MUC1 peptide (SAPDTRPAP) in RPMI-1640 medium containing 10% fetal bovine serum (FBS) for 2 h at 37˚C. Peptide-loaded B16 cells were then labeled with 5, 6-carboxyfluorescein succinimidylester (CFSE) fluorescent dye (5 µM) in RPMI-1640 medium without FBS for 10 min, while unloaded B16 cells were labeled only with CFSE (0.5 µM). CFSE labeling was stopped by the addition of an equal volume of cold FBS for 3 min, and then the cells were washed and counted. CFSE highand CFSE low -labeled cells were mixed together at a 1:1 ratio, which was confirmed by flow cytometry. Different numbers of splenocytes from vaccinated mice were then incubated with the B16 cells (peptide-loaded 5x10 4 , unloaded 5x10 4 ) for 6 h at 37˚C, after which the co-cultures were analyzed on a FACS MoFlo XDP (Beckman Coulter, USA) for assessment of the percentage of CFSE-labeled B16 cells. Specific killing was calculated as follows: % killing = [1-(peptide -loaded cells/ unloaded cells from immunized group)/(peptide -loaded cells/ unloaded cells from naive group)] x100.
Tumor immunotherapy in C57BL/6 mice. Tumor-suppressing experiments were carried out in mice using the following two protocols. C57BL/6 mice (8 per group) were injected subcutaneously with 1x10 5 B16 viable cells per mouse on day 0. Thus, the homologous and heterologous prime-boost regimen was carried out by different strategies. Homologous immunity was conducted by immunizing the mice with 9M+DDA/ MPL three times on days 3, 10 and 17. While heterologous immunity was conducted by immunizing the mice with AD-9M (1x10 8 pfu) into the tibialis anterior muscles of both legs (50 µl each) per mouse on day 3 and 9M+DDA/MPL on day 10 and 17. Negative control mice were administered 100 µl PBS. Tumor diameters were measured in two dimensions every 2 days. Tumor volumes (mm 3 ) were calculated as follows: V=(A 2 xB)/2, where A is the length of the short axis and B is the length of the long axis. Mice were sacrificed at week 4 after inoculation with B16 cells to remove and weigh the tumors. Moreover, T cellular immune responses were also detected after the mice were sacrificed. Survival of mice was monitored for ~60 days.
Cell proliferation. Single cell suspensions of splenocytes at 2x10 6 /ml in PBS were mixed with an equal volume of 20 mM CFSE in PBS (Molecular Probes). Cells were incubated for 10 min at room temperature in the dark. Labeling was stopped by addition of FBS and cells were washed twice with PBS. CFSE-labeled spleen cells were cultured at 37˚C for 5 days and then used for flow cytometry analysis.
Cytokine detection by multiplex flow immunoassay.
Splenocytes (1x10 7 ) from the vaccinated tumor-bearing mice were stimulated with the 9M protein at a concentration of 5 µg/ml for 15 h, and then the cell culture supernatants were collected to measure multiple cytokines. IL-2 and IL-10 were detected by Bio-Plex pro assays. After the Bio-Plex beads were incubated with the cell culture supernatants in a reaction vessel for half an hour at room temperature in the dark, they were washed and a fluorescent reporter antibody was added to the reaction mixture. Following the second incubation ~40 min and wash cycle, the beads were suspended in buffer and passed through a flow-based detector.
Statistical analyses. All in vivo and in vitro experiments were performed at least 3 times. Data were analyzed using one-way ANOVA. Differences between the groups were assessed for statistical significance using the unpaired T-test. P<0.05 was considered significant, and P<0.01 was considered highly significant. All statistical analyses were performed with Graphpad Prism software. 
Results

Construction and expression of AD-9M and 9M protein.
MUC1 VNTRs were also subcloned into the adenovirus vector as previously described (Fig. 1A) , and the expression of wild-type adenovirus (wtAD) and recombinant adenovirus expressing MUC1 VNTRs (AD-9M) in HEK293 cells is shown in Fig. 1B. Fig. 1C shows identification of purified MUC1 VNTR protein by western blotting with anti-MUC1 VNTR mAb.
DDA/MPL enhances humoral and cellular immune response induced by the 9M protein vaccine.
To investigate the adjuvant effect of DDA/MPL on 9M protein vaccine, groups of mice were immunized with 9M+DDA/MPL, the 9M and DDA/MPL as shown in Fig. 2A . By ELISA, the 9M group showed ~2-fold higher antibody titer than the PBS and DDA/ MPL group (P>0.05); however, serum from the 9M+DDA/ MPL group mice had higher antibody titers than the PBS, DDA/MPL and 9M group (P<0.001; P<0.01, especially), suggesting that DDA/MPL could substantially enhance the humoral immunity induced by protein vaccine (Fig. 2B) . Moreover, the trend was also observed in cellular immune response. ELISPOT assay was used to detect the frequency of antigen-specific IFN-γ-secreting T cells. The results showed that IFN-γ induced by the 9M protein group was no more than the PBS group (P>0.05); however, the response in mice vaccinated with recombinant 9M protein and DDA/MPL was significantly higher (nearly three times) than that observed for mice given separately the 9M protein and DDA/MPL (P<0.05) (Fig. 2C) . Specific killing was measured after incubating the splenocytes for 2 h with SAPDTRPAP-pulsed CFSE-labeled B16 cells (target cells). The mixture of 9M and DDA/MPL induced higher specific cytotoxic CD8 + T cell (CTL) response in mice than separately used when the ratio of effector cells to target cells was 100:1 (Fig. 2D) . Therefore, DDA/MPL served as an effective adjuvant for 9M protein vaccine for enhanced humoral and cellular immune response. However, DDA/ MPL did not enhance tumor growth inhibition and extend the survival of melanoma-bearing mice.
The expression level of MUC1 was evaluated in B16 cells as well as C2C12 cells. The results indicated that B16 cells and implanted B16 tumors showed nearly 5-fold and 200-fold higher mRNA levels compared to C2C12 cells separately (Fig. 3) , indicating that MUC1 was overexpressed in melanoma tissues and cells than normal myoblast cells. To evaluate whether the 9M+DDA/MPL vaccine had inhibitory effects on tumor growth, C57BL/6 mice (10 per group) were inoculated with B16 cells (1x10 5 ) on day 0. After tumor establishment, the mice were immunized with PBS, 9M, DDA/MPL, 9M+DDA/MPL on days 3, 10 and 17. Tumor growth was monitored for 28 days after inoculation. As shown in Fig. 4A -C, 9M+DDA/MPL homologous immunization strategy did not inhibit tumor growth and extend the survival of melanoma-bearing mice, and the difference was not significant (P>0.05).
VPP vaccine displays anti-melanoma effect in mice.
As the adjuvant vaccine did not significantly enhance the antitumor activity, immunization strategy was studied. Our previous data showed that recombinant adenovirus prime protein boost heterologous immunization strategy showed superior antitumor effects than homologous immunization (11) . Thus, an adenoviral prime protein boost immunization (VPP) was conducted in this study. Mice were inoculated with 1x10 5 B16 cells at day 0 into the right hind leg. After the tumor was established, the mice were immunized with AD-9M at day 3, and 9M+DDA/MPL at day 10 and 17. Tumor volume in the subcutaneous B16 melanoma-bearing mice was measured every other day and the survival of each treated mouse was monitored.
As shown in Fig. 5A , both AD-9M and AD-9M/9M+DDA/ MPL VPP vaccine induced growth inhibition of the tumor (P<0.01; P<0.001) compared with PBS. According to tumor weight (Fig. 5B) , the AD-9M/9M+DDA/MPL strategy showed a tumor inhibition ratio of 59.45% to the PBS group (P<0.05). The AD-9M group showed a tumor inhibition ratio of 39.86% to the PBS group. In parallel, a significant prolonged survival was recorded in the mice immunized with AD-9M/9M+DDA/MPL VPP vaccines. As shown in Fig. 5C , by day 36 and 38 after B16 melanoma inoculation, all mice in the PBS and AD-9M groups died. Until day 50 after tumor challenge, 30% of the mice immunized with AD-9M/9M+DDA/MPL VPP vaccines survived. The survival rate of melanoma-bearing mice vaccinated with AD-9M/9M+DDA/MPL was 33.33% (P<0.05), whereas the survival rate of mice vaccinated with AD-9M was 22.22% (P>0.05).
Antitumor mechanism of the vaccine. To investigate the antitumor mechanism of the vaccine, lymphocyte proliferation and cytokines were detected. It was shown that the ability of promoting lymphocyte proliferation of the AD-9M/9M+DDA/MPL group was >3-fold compared to the PBS group, while that of the AD-9M group was nearly 2-fold compared to PBS (Fig. 6A) . IL-2 and IL-10 concentration (pg/ml) in the culture supernatant after stimulation with 9M protein were detected simultaneously using the BioPlex™ 2200 (Fig. 6B) . Both the AD-9M and AD-9M/9M+DDA/ MPL groups elicited ~6-fold higher IL-10 level than the PBS group (P<0.01), and there was no difference between the two groups (P>0.05). However, AD-9M enhanced >3-fold IL-2 levels than the PBS group (P<0.01), while the VPP vaccine enhanced ~13-fold to the PBS group (P<0.001) (Fig. 6B) . The VPP vaccine group showed ~2.5-fold IL-2 concentration to the AD-9M group (P<0.001 and P<0.01, especially) and the AD-9M vaccine group showed ~3-fold IL-2 concentration to PBS. IL-10 was a Th2-type cytokine and IL-2 was a Th1-type cytokine. It was suggested that the AD-9M and the VPP vaccine in the tumor-challenged mice may enhance both Th1 and Th2 type immune response. However, the VPP vaccine enhanced more Th1 type immune response than Th2 type immune response, which may be more beneficial to antitumor effects.
Discussion
In the present study, we sought to prepare a recombinant adenovirus vector expressing MUC1 and to select a proper adjuvant (DDA/MPL) to the recombinant MUC1 protein vaccine. Adenoviral prime protein boost immunization induced an efficient antitumor effect in a murine melanoma model. Moreover, this antitumor effect might be predominantly mediated by Th1-type immune response. The data suggested that adenoviral prime protein plus adjuvant boost immunization strategy may be a potential treatment against melanoma.
MPL formulated with DDA liposomes (DDA/MPL) is not approved for clinical trials as an adjuvant, it has been shown to induce a significant level of protective immunity in Chlamydia and tuberculosis vaccine research (17, 18) . In this study, DDA/MPL was selected as an adjuvant for the MUC1 VNTR-based protein vaccine to evaluate its ability to enhance immune response in our study. The data showed that DDA/ MPL could effectively enhance the cellular and humoral immunity against MUC1 protein.
Adenovirus (AD) has been clinically evaluated and proven to be immunogenic and safe (19) . As a classic tumor-associated antigen, MUC1 has been studied for many years both in preclinical and clinical trials. MUC1 has been prioritized as a cancer vaccine target antigen (20) . In our study, a recombinant adenovirus expressing MUC1 was constructed and evaluated for the anti-melanoma effect. The results showed that less tumor inhibition was induced by the AD-9M than the VPP vaccine, which might be caused by different Th types.
It is well accepted that multiple immunizations (i.e. 'primeboost') are crucial for even the most successful vaccines. In many cases, heterologous prime-boost can be more immunogenic than homologous prime-boost (21) . Our previous data also showed that heterologous adenovirus prime-protein boost strategy displayed more suppressive effects of tumor growth. In this study, homologous immunization strategy could not inhibit tumor growth and extend the survival of melanomabearing mice (Fig. 4A-C) . However, AD-9M prime-9M+DDA/ MPL boost immunization was conducted for effect on tumor volume and survival of challenged C57BL/6 mice. The results showed the VPP vaccine could inhibit tumor growth of melanoma model mice in the tumor volume and weight inhibition (Fig. 5A and B) . Moreover, the VPP vaccine could prolong survival time effectively (Fig. 5C ). The survival time of VPP vaccine increased 33.33% to PBS group (P<0.05), yet AD-9M increased 22.22% (P>0.05).
To investigate the mechanism of antitumor effects, splenocyte proliferation and elicited cytokines were evaluated. The AD-9M/9M+DDA/MPL VPP vaccine group showed 3-fold and 2-fold proliferation rates to PBS and AD-9M groups (Fig. 6A) . The concentration of IL-10 after stimulation was 60.5 pg/ml, which was similar to the AD-9M group. The IL-2 concentration of the AD-9M/9M+DDA/MPL VPP vaccine group after inoculation with 9M protein was 382 pg/ml, which was 2.5-fold higher than the AD-9M groups (Fig. 6B) . Moreover, IL-2 was a Th1 type cytokine and IL-10 was a Th2 type cytokine. We speculated that both Th1 and Th2 type immune response play an important role in tumor inhibition, especially the IL-2 biased Th1 type.
In summary, DDA/MPL could significantly enhance the cellular and humoral immunity based on 9M protein. However, the homologous protein prime-boost strategy applied vaccine (PPP) could slightly inhibit the tumor growth and prolong the survival of tumor-bearing mice, but the difference was not significant (P>0.05). However, adenoviral vector primerecombinant protein and DDA/MPL boost immune strategy (VPP) exerted significant anti-melanoma effects in mice. It was shown that the MUC1 VPP vaccine was able to inhibit the growth of B16 melanoma in mice and to prolong the survival of B16 melanoma-bearing mice (P<0.05). The data suggested that the VPP strategy combined with DDA/MPL adjuvant might be a simple and efficient way to produce efficient MUC1-based vaccines for melanomas or other tumors.
